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... Keynote overview
from challenge to actionable insights

The The Process System Al-enabled Conclusion
challenge methods evidence trade-offs workflows Key takeaways
Why D’M Experiments, Insights from Performance, From data to and next steps.
and what we aim modelling, and manufacturing manufacturability, decisions across
to achieve. optimization. ) experiments. and sustainability. ) scales. )'
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Tampere University of Applied Sciences

Twin-transition in

Engineering Design
and Manufacturing

Manufacturing is a major contributor to the
global economy, energy consumption, and
carbon emissions.

The twin transition (digitalization and
sustainability) requires better integration of
materials, design, manufacturing, and supply
chains.

Connected data and intelligent systems enable
more efficient, sustainable, and increasingly
autonomous engineering decisions.
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Digitalization _

CONNECTED
DATA AND
INTELLIGENT
SYSTEMS

THE CHALLENGE

Sustainability

ENVIRONMENTAL

D?M / THE CHALLENGE
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From design to manufacturing

Design Space

Boundary conditions

Topology Optimization FEA verification

N ‘U" C
Rt CAD

Low carbon
steel (S355)
High strength
steel (ER100S)

37N Original bogie: Casted ~218 kg
made of low carbon steel

I 87.5KN
New bogie: WAAM ~170 kg
multi-material system

D?M / THE CHALLENGE
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Step #3
“Stiffener”

Build—dl'l‘!ion

WAAM path planning

Step #2 (x2) Step #1 “Central frame”

Build-direction
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One component. Many connected decisions
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A change In one domain propagates everywhere

ALLOY / PART MANUFACTURING
MATERIAL GEOMETRY PROCESS

Local improvements can create system-level compromises.
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Powerful tools: Fragmented workflows

e
REQUIREMENTS CONCEPTS & SKETCHES CAD MODELS
bt B Needs & goals < —(’- > B « Parametric geometry € 0 >
Ve Functlor.ls infoiisation Information i Information
) — * Constraints Loss & Rework Loss & Rework * Assemblies Loss & Rework
 Standards * Metadata
X
A ", ,w
! ~ ¢
1
N
PRODUCT METADATA / PLM ‘
« Part structure
» Configurations - P =i i o e om o e e . m
« Changes & versions "
« Traceability
V& = = J
A = LA
Information o7 S
Loss & Rework s ENGINEER No
A 4 3 '( Manually interprets, transfers, \:
and reconciles information
LIFECYCLE & SUSTAINABILITY | ; across domains ;
DATA
« Material data ( DRAWINGS & DOCUMENTATION MANUFACTURING PLANNING
g, °Eneroyuse <=3 [ 2=y = « 2D drawings { * Process selection |, _ o
l I « Emissions (LCA) « GD&T b ’ =% + Setup & tooling
I « End-of-life "« BOM Information « Toolpaths / recipes
Loss & Rework

« Notes & specs » Work instructions

&

MESH / DISCRETIZATION

A7

* Meshing strategy
« Element quality
& - Simplifications

« Versions

Information
Loss & Rework

o

SIMULATION / CAE

* Physics models

« Boundary conditions
+ Results & fields

* Post-processing

A
Information
Loss & Rework
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REDESIGN / OPTIMIZATION
« Design alternatives
+ Optimization goals

« Trade-off decisions

&, *lterations

Humans manually translate and reconcile engineering information.
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The next step: Connect the decision loop

DECIDE
What are the possible What happens if we Does it satisfy Which trade-off is
alternatives? change X? physical constraints? acceptable?

Human expertise remains the acceptable authority.
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Design-to-Manufacturing:

(a)

Vector design variables (Xd;) per Discipline (D;)

Xd,

Xd,

Xd,

Xd,

(b)
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D, - Design
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D, - Manufacturing
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D, €D

D, €D,

D;= D,

D, €D,

D; - Material

D; €D,

i

D, - Sustainability

(0)

J;

v v

1> I3

Max, Min, and on
Target {D (mm)}

Min. {Time (h)}

v

I

Min. {Mass (g)}

J*

Min. {CFP}
Min. {WFP}

Disciplinary (J;) and overall optimization objectives (J*)
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CONNECTED DOMAINS
Design, manufacturing, material selection and
sustainability.

COUPLED ENGINEERING MODELS
Shared variables, responses and constraints create
dependencies.

DISCIPLINARY OBJECTIVES

Local goals contribute to system-level performance.

SURROGATES FOR EFFICIENCY

Validated approximations accelerate costly evaluations.

INTEGRATED OPTIMIZATION
Identify feasible trade-offs across all disciplines.

Optimize the system—not each discipline in isolation.
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D?*M / THE METHODS

Model- and data-driven engineering

MODEL-DRIVEN (MD) P Observation ’K * ‘ Sensor -
Physical and numerical models explain
mechanisms and constraints. = — <£ ) B—
= Experience Data
: s -
DATA-DRIVEN (DD) = = Cognitive o 5
Experiments, sensors and production = én ) H",ma" manufacturing ) Mafhme CE 3
. : 8D intelligence = intelligence o -
data reveal useful relationships. s = ~ t,gmj = =
S = L Al | |6 =
O A__ K 5] =
:I./ oJIQ‘I\I
TOGETHER ”
Combine physical reasoning and l : D ;
measured evidence—then validate " Dfode, driven B - + & ata-driven E <
predictions. Ll LY,

KEY POINT Trust requires independent validation within a defined operating range.
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From design space to decisions

EXPLORE APPROXIMATE OPTIMIZE
What is possible? What will happen? Which design to choose?
. | Pareto trade-off
5 E
N
5 2 A
@]
o
Candidate to verify
O
o)
Design variable x; Objective 1 - mass
Sample broadly to reveal sensitivities Use surrogate models for fast _ Search Pareto trade-offs under
and promising regions. prr]edlli:tlons—wnh error and uncertainty constraints; verify candidates.
checks.

A mathematical optimum becomes an engineering decision only after feasibility and independent validation.
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Methodological tools and workflow

Virtual & physical Data-driven (DD) methods
Design of Experiments Process data and perceptual intelligence
(DOEs)

« In-process monitoring (sensors, images)
» Machine learning and surrogate models
* Property measurement and analytics

~W Pt W

WA p, ,4/,‘_'”4 \" l' Vv

Explore and generate data
(e.g., OFAT, factorial designs,
RSM, Latin hypercube, ...)

il

5

Model-driven (MD) methods
Physics-based and numerical modelling

» Multi-fidelity simulations (FEM, CFD, ...)
» Process and part scale models
» Generative design and topology optimization

Response (y)

Coupled-hybrid modelling

Integrate physics and data

» Data-driven surrogates

(e.g., regression, RSM, GP, DNN, ...

¢ Physics-informed models

(e.g., reduced order models, ...)
Uncertainty quantification

(e.g., sensitivity analysis,

Monte Carlo, Bayesian, ...)

® Samples

- e Prediction

Uncertainty

.
‘(‘“. ‘
Design Variable Xz Design variable x,

:

S/

Iterative workflow

New evidence improves models and decisions

TAMPERE UNIVERSITY / D2M

THE METHODS

Objpctive 2
(e.q., cost, impsct)

Optimization
Find the best solutions
under constraints

* Process integration and
design optimization

(e.g., PIDO, multidisciplinary)

« Multi-objective optimization
(e.g., Pareto methods)

* Global search methods
(e.g., GA, PSO, ...)

¢ Constraint handling

(feasibility, manufacturability,

A

Objective 1
(e.g., weight, performance)

\j

)

Pareto-optimal solutions

5

D?M / THE METHODS

Coghnitive Design
to Manufacturing
Systems

Decision support and
deployment

Compare and validate
alternatives

Evaluate feasibility,
reliability and sustainability
Support engineering
decisions

¢ Link to manufacturing
systems

| 12



2
-D Tampere University D?M / PROCESS EVIDENCE

Research example: Seeing inside manufacturing

OFF—AXIS PROCESSED ' - ON-AXIS PROCESSED LW-DED MONITOR

-

5

p=d
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D?M / PROCESS EVIDENCE

Combining model- and data-driven
manufacturing methods

Transfer across materials / machines / processes' and 'test on unseen domains.

System 1 ‘ System 2 System 3 System 4
LPBF - research machine Q& DED - multi-axis head Hybrid / multi-material Wire AM - industrial application
n — Ny [{ - g ~ r ) 4
i ‘ ‘ '[ 1 \ wuh U4 ) e
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~ P, =

O

1
S

oy < ”
_ . o~ Materials I A P = p— ~
s} - . ' u »
i p o SN
N |y & e L A
\ Y " ) .; - (-
~ \ : ‘ L',.. . . wor 4 - ;
=52 :" : " PN
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Printed beds 4 é% Processes
- @ . II Parameters

R,

e S 7

Laser welding head

[ \ ‘— = . w5
- A - i o o
.|I Transfer and validate
Unseen materials - new machines - different processes
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Physics explains mechanisms
4
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Physics explains - Data observes = Models predict

f“;";-m;‘+“\ / : 5 \
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Bringing scales

y

PROCESS PRODUCT LIFECYCLE
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Scaling: from process to product

Design variables e Design exploration
250+ parameters

80+ generated alternatives

4

Process and material options 0

3 manufacturing methods
and 4 material combinations

Product verification and planning
Performance, manufacturability
and sustainability

8 Pareto-optimal
a solutions
£ =
* =9
) ) % :
’ 2
c =
-
ﬂ ﬂ ﬂ L-PBF DED (WAAM) Die casting Z
Mass (kg)
AY &7 &7 \y % e w g

Steel
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Scaling: from process to product

DIC — Validation

Programed FE — Design Optimal
displacement map automation distribution FE — Result
Ug . _
— o ~ N /B ) —
' an R
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1. Problem Specification 2. FGM Structural 3. FGM Realization 4. Product
Design Fabrication
| ’
DM Model " |4 Design Problem
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’
’
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L
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Scaling: product to impact

Material: ABS 20CF [, Parametric Design  3)

Generative Design

Material: ABS 20CF b)

e 5 il oo 01 LIGHTER IS NOT ALWAYS GREENER
tth = 25 [mm] - o " Mt = 14.9 [h] .

mmat E 2 U= 4 Lower mass does not automatically mean lower
tlen = 90 [mm] CFP = 49686 [kg CO,) Iifecycle impact.

Mass = 437.5 [kg]

WFP = 211.5 [m3]

o
Mt = 25.98 [h] S o
U, = 2.05 [mm] o 120
Sf=2.84 2 j12

CFP = 8025.7 [kg CO,]
WFP = 334.2 [m?]

ia

02 MATERIAL CHOICE SHIFTS IMPACT

o - Carbon fibre improves structural performance, but
o \ here increases carbon and water footprints versus
QO % s .
Se° gl . glass fibre.
g = v .‘.,'. 550 . * Non-feasible designs

150 [ 1 » - - Upae 25 [mm]

'005,30 2000 :ngglkgég:i(; 35‘00 4000 Mass [kg] 4‘”)»5’\0‘6"”'“(“"”"“8'” a ;.'GO 300 400 1010 [:o'; 700 800 900 03 DESIGN STRATEGY MATTE RS

0 . . Mess Pt d) cPlgCo)  WRRIm] 7 o . . . .

) " ~_f) If“”" Lol Parametric design handles constraints; generative
o w [l . v Pin # ,._',»: f’ : design explores broader alternatives.
Y & i, 4 o bume oo g ¥ 1
§ gaoo "-' 500 Dé : e e 1 10000 . :Ej '4 AAAAA
2 z /' d . s ’ :: 30 e Non-feasible designs 3

a0 800 pareto front % Uy 2 5 [mm] . . .
“ S o s\ Optimize performance and impact together.
05 06 07 08 gFQP ,.:g C:):J 12 13 ltl‘OLS Mass [kg|] Man:ztctuvmg time [h] Am 300 400 500 600 700 800

Mass [kg)
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D?M / AI-ENABLED WORKFLOWS

Gen - Al as orchestrator: not as physics

Increasing
complexity

@,
@
Q\j

Fragmented sources and tools

@ Requirements N
Integrate
=] Standards knowledge
P }
— Documentation l
pa——
Translate
requirements

J

R Expertise

Disconnected systems

KEY POINT

Fragmented

. m CAx tools

LLM as intelligent connector

B

7

N
~

-

\.l

= Q Dispersed
— knowledge
Understand
context
K Reason across
W\ ﬂﬂ disciplines

\
-

e O Provide

S

=
v—

(—

- e

i recommendations

- @

"

=

LLM
opportunity

From knowledge to engineering assistance

Early decisions
Trade-offs & manufacturability

Detail design

Concept refinement

Manufacturing
Design-to-production link

Sustainability
LCA / CO, from the start

LLM/VLMs connect fragmented engineering information into actionable decision support
Gen Al orchestrates the workflow; validated engineering models establish trust
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AI-ENABLED WORKFLOWS
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Next-Generation of Computer Aided Systems (CAXx)

PERFORMANCE + SUSTAINABILITY

e Connect CAD-CAE-CAM outputs to
energy, carbon and resource indicators.

e Evaluate performance and lifecycle
trade-offs from early design.

FUTURE RESEARCH

= e Assemblies and multi-stage

il - manufacturing chains.
Performance ’ Manufacturability | Sustainability | Traceability
@ S— —— e lest surrogate generalization and
reuse.

e Al-supported, verifiable decisions.

TAMPERE UNIVERSITY / D?*M CONCLUSION
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Where should a foundry start?

Design & Castability Process & Quality Material & Impact
Test feasible limits before tooling Predict defects from production signals Compare alternatives under same boundary
§ X .
Temperatures Melt conditions Process history ’

Grey iron

> b -

Ductile iron ﬁ Environmental
P impact

.9} Performance

Cost

Design geometry Castability
CAD & design rules Process simulation

Same functional
and lifecycle boundary

Defect prediction
Inspection outcomes

Recycled alloy

Robust, comparable
|| decisions

Calibrated predictions

Fewer design iterations
|| |. on unseen batches

and less rework

Q Define a bounded
EXPLORE engineering decision

Independent
evaluation test

Compare with baseline
and adopt if improved

Use data and models :
to generate options
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FROM CONNECTED WORKFLOWS
TO CONNECTED DECISIONS

Al Coordinates = Engineering models verify = People remain accountable
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